Background: General anesthesia lowers the clearance of crystalloid fluid, but the volume kinetics of such fluid throughout the duration of spinal anesthesia has not been studied. Methods: Ten female volunteers (mean age 29 years) received an intravenous infusion of 25 ml/kg of acetated Ringer's solution with and without spinal anesthesia. A volume kinetic model was fitted to serial measurements of the hemoglobin concentration over 240 min based on arterial, cubital vein, and femoral vein blood. The measured urine flow was compared to the model-predicted elimination. Results: The arterial pressure remained stable although the block reached to Th3-Th5 in half of the volunteers. There were no differences in fluid kinetics between the spinal anesthesia and the control experiments. The administered volume was well confined to the kinetic system, which consisted of two communicating fluid spaces that were 2.8 L and approximately 7 L in size at baseline. The arteriovenous (AV) difference in plasma dilution remained positive for 30 min post-infusion in those having analgesia reaching to Th3-Th5, which differed significantly from low-level analgesia (Th12-L2, P< 0.03) when venous plasma was sampled from the leg. The urinary excretion averaged 1.13 L and 1.01 L for the spinal and control experiments, respectively. Volume kinetics predicted the urinary excretion at 5-10 min intervals with an overall bias of 52 ml. Conclusion: Acetated Ringer's solution showed the same kinetics during experimental spinal anesthesia as when the fluid was infused alone. Hence, spinal anesthesia is not associated with the reduced fluid clearance reported for general anesthesia.
Introduction
Intravenous (IV) fluid therapy remains the first choice for cardiovascular support during anesthesia and surgery. Volume kinetic studies show that the renal clearance (Cl r ) for crystalloid fluid is greatly reduced during general anesthesia. During thyroid 1 as well as laparoscopic 2 and open abdominal 3 surgery, Cl r is only 5-20 ml/min, while it is usually 60-100 ml/min in conscious volunteers. 4, 5 Isoflurane alone lowers Cl r for crystalloid fluid by 50%. 6 The distribution of fluid may also become aberrant. 1, 7 In contrast to general anesthesia, the capacity of spinal anesthesia to modify the kinetics of crystalloid fluid is poorly known. Just as with general anesthesia, 8 the onset of spinal anesthesia lowers the distribution clearance (Cl d ) in proportion to the reduction of the arterial pressure. [8] [9] [10] However, the distribution and elimination of crystalloid fluid throughout the course of spinal anesthesia has not been studied.
The aim of the present study was to compare the kinetics of acetated Ringer's solution with and without experimental spinal anesthesia in volunteers. The distribution of fluid in the presence of spinal block was further explored by collecting blood from three sampling sites and by continuous collection of excreted urine. Our hypothesis was that spinal anesthesia increases the plasma volume expansion in response to crystalloid fluid either by reducing Cl d or Cl r . We also wished to examine whether the anesthesia promotes aberrant distribution of the administered fluid.
Materials and Methods
Ten healthy female volunteers, aged 21-39 (mean 29) years with a body weight of 58-67 kg (mean 62.5 kg) participated as paid volunteers in two experiments separated by at least one week. The protocol was approved by the Regional Ethics Committee of Karolinska institutet. Each volunteer gave her written informed consent after a medical examination confirmed that she was in good health. None of them used daily medication.
The volunteers arrived at the hospital at 8 AM. No oral fluid or food was allowed between midnight and completion of the experiment. Both experiments consisted of the subject receiving an IV infusion of 25 ml/kg acetated Ringer's solution (Na 130, Cl 110, Ca 2, K 4, acetate -30 mmol/L; osmolality 273 mosm/L) provided by an infusion pump (Flo-Guard 6201, Baxter, IL). Blood and urine were sampled over 240 min for later kinetic calculations of the distribution and elimination of the volume load.
On one occasion, the volunteers received fluid and an experimental spinal anesthesia while on the other occasion they received only the fluid volume (control).
Experimental procedure
Instrumentation during the spinal anesthesia experiment consisted of cannule for sampling blood from the radial artery, cubital vein, and femoral vein, and placement of an indwelling catheter into the bladder. A cannula was also placed in the cubital vein of the opposite arm for the administration of fluid. A period of 20 min in the supine position was allowed for equilibration before the infusion was started, and the volunteers remained in bed during the observation time.
Preloading was performed as a safeguard against undetected hypovolemia.
Hence, acetated Ringer's solution was infused over 60 min and spinal anesthesia induced after 30 min. For this purpose, the volunteer was placed in a lateral position until the anesthesia was given, after which the supine position reassumed. We used a Whitacre pencil-point 26 gauge needle (Becton Dickinson, Franklin Lake, NJ) and 3.0 ml bupivacaine hydrochloride 5 mg/ml (AstraZeneca AB, Södertalje, Sweden) was administered medially in the lumbar 3-4 interspace. The spread of the analgesia was tested with loss of cold sensation every 5-10 min until the block began to subside.
Intravenous ephedrine 5-10 mg was planned to be withheld until arterial hypotension coincided with nausea and/or bradycardia.
The control experiment differed from the first protocol in that blood was only sampled from a cubital vein and that the acetated Ringer's solution was administered as a standard 30-min infusion. 4, 5, 11 
Measurements
Blood samples (4 ml) were taken, and the urinary excretion was measured every 5 min during the first 120 min and every 10 min thereafter up to 240 min. A discard volume of 3 ml was drawn before each blood collection. This blood was then returned and the cannula flushed with 3 ml of saline to prevent clotting and to replace the amount of withdrawn plasma.
The hemoglobin (Hb) concentration in whole blood, the red blood cell count, and the mean corpuscular volume were measured by a Technicon H2 (Bayer, Tarrytown, NY) using colorimetry at 546 nm for Hb, and light dispersion using a helium neon laser for the other two parameters. Duplicate samples drawn at baseline assured a CV of 0.8% for Hb (n=40); the mean values were used in the calculations.
Heart rate and non-invasive arterial pressure were displayed on an AS 3monitor (Datex, Finland). Peripheral oxygen saturation and EKG were also monitored.
Each experiment was performed by two anesthesiologists and one anesthesia nurse, which allowed withdrawal of exactly timed blood samples and assured the best possible control of the safety of the volunteers.
Kinetic analysis
Th e d ist r ib u t io n a n d e lim in a t io n o f t h e flu id giv e n b y IV in fu sio n w a s a n a ly z ml/min 13 ). The infusion is given at rate R o and expands two functional volumes, a central volume V c to the larger size v c and a peripheral volume V t to v t ( Fig. 1 ) . The differential equations are:
a t a n y t im e t. Th e Hb -d e r iv e d fr a ct io n a l p la sm a d ilu t io n w a s u se d The matrix solutions to the differential equations describing the two-volume kinetic model 4 were fitted to the data from each volunteer and sampling site separately by using a nonlinear least-squares regression routine, based on a Gauss-Newton method and programmed in Matlab 4.2 (MathWorks Inc., Natick, MA). This was repeated until no parameter changed by more than 0.1% in each iteration.
The volumes of v c and v t over time were calculated by multiplying their
The urinary excretion over time was assessed in three ways: (1) from the urine collections at 5-10 min intervals, (2) as the cumulative product of the plasma dilution at any time and the Cl obtained by the curve-fitting, and (3) as the cumulative product of the plasma dilution and Cl r , the latter of which was based on the total urinary excretion between 0 and 240 min.
Statistics
Data are presented as the mean and standard deviation (SD) or, if the distribution was skewed, as the median and interquartile range. Statistics was performed by using oneway and repeated-measures ANOVA, the Wilcoxon matched-pair test, and linear regression analysis. A systematic difference between predicted and measured data (i.e. the bias) was expressed as the median residual error. The absolute value for the difference between predicted and measured data was used to quantify the precision of the prediction. P< 0.05 was considered statistically significant.
Results

Spinal block and hemodynamics
After induction at 30 min, the onset of the block was rapid and the cephalic spread peaked at 60 (51-65) min. The upper level of the analgesia reached Th5 (Th3-L2) and the block began to subside at 108 (101-122) min ( Fig. 2 A) . It was not possible to safely determine the return of sensation due to patchy recovery, but half of the volunteers had residual analgesia at the end of the experiment (at 240 min).
The arterial pressure tended to be slightly higher at baseline when spinal anesthesia was to be induced, but the difference from the controls was not statistically significant ( Table 1) . Minor hemodynamic changes occurred in the presence of spinal anesthesia ( Fig. 2 B-D) . Here, the arterial pressure declined slightly, the lowest being recorded at 60 min (30 min after the induction).
One volunteer was given 10 mg ephedrine intravenously when her systolic arterial pressure fell from 113 to 79 mmHg in 10 min, after which the pressure recovered instantly to 104 mmHg. This was the only complication. The event occurred in the volunteer who had the fastest onset of the anesthesia but was not associated with nausea or bradycardia.
Plasma dilution
The induction of anesthesia created a temporary notch in the plasma dilution-time profile, but there was no marked difference in its overall shape as compared to the control infusions ( Fig. 3 ).
As the dilution-time curves from the three sampling sites had quite similar appearance ( Fig. 3 A-C) , the distribution of fluid was further explored by plotting the AV differences in plasma dilution ( Fig. 3 D, E) . The arm showed a slightly greater AV difference than the leg, but statistical significance was not reached. However, the six volunteers with the highest level of analgesia (Th3-Th5) had a positive AV difference for some time even after the infusion ended, which was not the case for the four having low-level analgesia (Th12-L2). This difference between low-level and highlevel analgesia was most apparent in the leg at between 65-90 min of the study, where it also reached statistical significance (P< 0.03).
Arterial blood tended to yield lower V c than venous blood, but otherwise kinetic parameter estimates from the three sampling sites were quite similar ( Table 2 ).
The renal clearance (Cl r ) was close that the total clearance (Cl).
There was no significant difference between the two series of experiments with regard to the fluid kinetics calculated from cubital vein blood (Table 2) .
Simulations
The median values of the parameter estimates based on cubital vein blood were used for further computer simulations to highlight the disposition of the infused fluid.
The fluid volume residing in v t already exceeded that of v c at the end of the infusions. At that time, 24% and 40%, respectively, of the fluid administered during the spinal and control experiments, respectively, remained in v c (Fig. 4 A, B) . This difference was due to the infusion time, as the fraction of the fluid that was retained in v c decreased in a similar way throughout the infusion period ( Fig. 4 C) .
The relationship between the excess volumes residing in V t and V c [i.e. the ratio (v t -V t )/(v c -V c )] stabilized 25 min after each infusion at a ratio of approximately 3 ( Fig. 4 D) . This ratio was slightly higher than the relationship between the baseline volumes V t /V c due to the fact that elimination occurs from v c ( Table 2) .
Urinary excretion
The total urinary excretion was similar for the two experiments ( Table 1 , bottom). The urine flow was assessed by frequent direct measurement but also by two kinetic approaches ( Fig. 5 A-D) . A comparison shows that the two kinetic approaches slightly overestimated the urinary excretion, the overall median residual error (the bias) being -52 ml. The median absolute residual error (the inaccuracy) for the difference between the predicted and measured urine volumes based on all data points for both kinetic methods was 69 ml ( Fig. 5 E, F) . There was a strong overall linear correlation between the clearance values obtained by the two kinetic approaches (Fig. 6 ).
Discussion
The distribution and elimination of acetated Ringer's solution during experimental spinal anesthesia was quite similar to that of a control infusion. Hence, the results refute our hypothesis that pronounced plasma volume expansion would result from crystalloid fluid during spinal anesthesia alone. We believed that the mechanism for such a change could be a reduction of either Cl d or Cl r , but no such change occurred.
Previous work shows that the onset on both general an regional anesthesia markedly reduces Cl d which degree correlates with the accompanying decrease in arterial pressure. [8] [9] [10] 12 The fact that the Cl d reported here was close to values previously found in volunteers not receiving anesthesia 4, 11 can be understood from the stable arterial pressure recorded in nearly all of the present subjects (Fig. 2) . Hence, spinal block without hypotension does not change the fluid distribution.
The fluid clearance, Cl, was slightly above 100 ml/min, which is normal for volunteers, 14 although lower values have occasionally been reported. 5 In any event, the very marked reduction of Cl to only 5-20 ml/min during thyroid 1 and abdominal surgery 2,3 and general anesthesia alone 6 was not at hand. The Cl rather tended to be slightly higher with than without the block ( Table 2) .
Further calculations challenged whether all elimination could be attributed to renal excretion. This proved to be the case, as the renal clearance, Cl r , differed only a few percent from Cl based on blood samples only ( Table 2 , Fig. 6 ). Hence, all administered fluid could be accounted for in the kinetic system, and there was no evidence of aberrant distribution or peripheral accumulation of fluid.
The kinetic analysis is based on the concept that infused fluid is first distributed in a central fluid space, V c . Using data from venous plasma, V c had a size virtually identical to the expected size of the plasma volume (4.5% of the body weight). The size of the fluid space to which the fluid further distributed, V t , was 2-3 times larger. As in previous work, 1,4 5 V t was still smaller than the size of the interstitial fluid space as it corresponded to 12% of the body weight instead of the expected 15%. This difference is probably due to that parts of the interstitial fluid space have a low compliance for volume expansion. 14 The size of V c tended to be slightly smaller when based on arterial as compared to venous blood. 15 This is the result of a slightly more pronounced dilution of arterial plasma during the infusion, which is to be expected, as some of the ongoing infused volume is sampled before having passed the capillaries for the first time. When an infusion of Ringer's is turned off, the AV difference for plasma dilution in the arm becomes reversed after 2.5 min. 15 In the present study, the reversal occurred within at least 5 min in volunteers with low-level analgesia. However, those having the upper level of analgesia reaching to Th3-Th5 continued to show a positive AV difference until the block began to subside, which means that fluid was transported from blood to tissue throughout the period of maximum analgesia. This effect of high-level analgesia was slightly more apparent in the leg, where the difference from low-level analgesia even reached statistical significance.
The present study also contained the first evaluation of how well urinary excretion is predicted by the kinetic model throughout an infusion experiment. Urine was collected frequently and compared to the model-predicted elimination based on Cl (from blood samples) as well as on Cl r (from total urine volume and blood samples).
The capacity of the conventional two-volume kinetic model to predict urinary excretion must be considered to be good (Fig. 5) . The model-based curves were often placed slightly higher than the measured urinary excretion in Fig. 5 E-F , which is probably due to the fact that some time is needed for the urine to pass through the kidneys and ureters in order to enter an external urine bag. This delay affected the urine collections at all times.
Limitations of the study include that safety reasons prompted a 30-min preloading period before spinal anesthesia was induced, which is included in the kinetic analysis. The block resolved at various speeds, whereby some late periods of limited anesthesia could be included in the kinetic analysis. Besides that the volume loading before the block is induced is still widely practiced clinically, partial derivatives show that the data obtained during the period when the anesthesia was fully developed contributed the most information to the parameter estimates.
Consideration should be given to the fact that the frequent blood sampling from three sites in the spinal anesthesia experiment created a more or less continuous small bleeding which finally amounted to 400 ml. The plasma was replaced by crystalloid fluid, but the loss of Hb was corrected for in our computer program, as it creates iatrogenic dilution. 1 Without such a correction, the return of the hemodilution would not be as prompt as shown in Fig. 3 . In contrast, the collected blood during the control experiments amounted to only slightly below 150 ml.
In conclusion, the volume kinetics of acetated Ringer's solution during experimental spinal anesthesia with stable hemodynamics did not differ from that obtained for a control infusion. In both experiments the urinary excretion was well predicted by the kinetic analysis. Th e u n ce r t a in t y o f a n in d iv id u a l p a r a m e t e r e st im a t e , e xp r e sse d a s t h e SD, a v e r a g e d 1 3 % fo r Cl.
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